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Abstract 
The design information of a product can have significant impact on addressing the various issues in product remanufacturing, from upstream 
design for remanufacturing, to downstream remanufacturing processes, including disassembly, core refurbishment and remanufacturing process 
planning, etc. This paper presents a comprehensive framework for product remanufacturability assessment, remanufacturing process planning, 
and a systematic approach to design for disassembly for remanufacturing based on product design information available in CAD models, e.g., 
bill of materials, mating features, dimensions and tolerances, tools and accessories, etc. Through the consideration of both design for assembly 
and design for disassembly guidelines, the determination of the optimal disassembly route for cores to be retrieved and remanufactured is 
evaluated. Various issues associated with remanufacturing process decision-making are investigated, and a conceptual approach for planning 
product remanufacturing is developed, in which a sequence of suitable operations can be determined. A software tool is developed for the 
implementation of the proposed approach for product remanufacturing assessment, process planning, and disassembly route evaluation. A case 
study using a SolidWorks model of an automotive part is used to demonstrate and validate the proposed framework. 
© 2016 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Product remanufacturing is one of the main strategies for 
achieving sustainable manufacturing by extending the product 
life cycle. It aims to return the remanufacturable products and 
components that have reached their end-of-life (EoL) stage 
back to their desired specifications by passing through a series 
of stringent industrial processes [1]. In addition to the enabling 
technologies that can be readily deployed in remanufacturing, 
one primary factor is that products or components should be 
designed with the feasibility and suitability for 
remanufacturing. Research studies on design for 
remanufacturing (DfRem) suggested that remanufacturing 
thinking should be taken into consideration as early as 
possible in the product design stage [2-3]. Therefore, it is 
necessary that product design can be assessed with respect to 
the various remanufacturing considerations, e.g., ease of 
disassembly, feasibility for recovery, etc., in order that the 
design can be modified to be more in line for remanufacturing.  
Non-destructive disassembly of the core component is 
essential for successful product remanufacturing. As manual 
disassembly remains the main stream due to the uncertainty in 
product return conditions, applying design for disassembly 
(DFD) at the product design stage often draw conflict with 
existing design for assembly (DFA) principles [4-5]. 
Therefore, it is necessary that the product design can be 
assessed from both assembly and disassembly perspectives. 
The assessment outcome can in turn assist designers in finding 
optimal disassembly route for the part to be remanufactured, 
and applying design changes to comply with relevant DFD 
guidelines based on the optimal disassembly route generated.  
This paper presents a comprehensive framework for 
product remanufacturability assessment and a systematic 
approach to design for disassembly for remanufacturing based 
on product design information. Various issues associated with 
remanufacturing process decision-making are investigated, a 
conceptual approach for planning product remanufacturing is 
developed, in which a sequence of suitable operations for 
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Reman process 
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Assembly 
refurbishing a part can be determined. A software tool is 
developed for the implementation of the proposed approach, 
through which a SolidWorks model of an automotive part is 
used to demonstrate and validate the proposed framework. 
2. Literature survey 
Many studies on DfRem provided designers with a set of 
comprehensive DfRem guidelines [1-2, 6]. However, only few 
studies were reported on remanufacturability assessment based 
on product design information. One pioneer approach [7] 
proposed a set of evaluation metrics in terms of the ease of 
each remanufacturing step based on simple embodiment 
design features, e.g., the number of parts, number of sacrificial 
parts, etc. These numerical metrics were further developed 
using the identification of sacrificial parts [8-9]. In these 
studies, the influence of detailed design features, e.g., the 
geometrical features and the interactions between adjacent 
parts, etc., was not investigated. 
Part disassembly aims to retrieve remanufacturable cores 
from non-remanufacturable parts. Mathematical models were 
developed for optimal disassembly sequence generation with 
different modelling principles, e.g., disassembly economic 
analysis, CAD-based algorithms, etc. [10]. However, these 
models did not consider fastener/part accessibility issues 
which can be crucial for quick and easy manual disassembly. 
Other studies adopt disassembly time or disassembly effort as 
a measure to address part disassemblability [11-12]. 
Therefore, it is necessary to develop a more holistic approach 
to solve DFD issues, i.e., a synergy of disassembly model, 
disassemblability assessment and ergonomic consideration of 
the disassembly process [13]. Attention needs to be paid on 
cases where DFD principles may conflict with existing DFA 
guidelines. For instance, piece count reduction is favored for 
assembly, but it may increase disassembly difficulty. 
Part recovery usually requires refurbishing processes to 
restore to its original specifications. . Sherwood and Shu [14] 
reported different failure modes and the recoverability of 
automotive parts based on statistical failure data. Shu and 
Flowers [15] identified that fastening and joining methods can 
have significant effects on part recoverability. Such 
information can be made available during product design 
stage, which makes the assessment of part recoverability 
possible given the product design model. Other studies have 
been reported on remanufacturing process planning within 
remanufacturing facility, a mixed integer programming 
method was adopted in remanufacturing optimization through 
assessing the economic viability of each remanufacturing step 
[16], analytic hierarchy process (AHP) method was adopted to 
determine suitable manufacturing portfolio by considering 
both economic and environmental aspects in reconditioning 
planning [17]. 
3. Remanufacturing assessment and planning based on 
design information  
The prevalence of CAD software in product design enables 
the design information to be maintained and accessed at 
different stages of product development. The detailed design 
information, as captured in product CAD assembly, e.g., bill 
of materials, the spatial relationships between connected parts, 
etc., can be used to assess various aspects in remanufacturing. 
The tools and accessories provided in CAD software, e.g., the 
exploded view function in SolidWorks, can assist designers in 
generating feasible disassembly sequence for core component 
retrieval. Dimensions and tolerances, as baseline for part 
manufacturing specifications, can help remanufacturers select 
suitable remanufacturing process for core component 
recovery.  
The proposed framework for product remanufacturing 
assessment and planning based on design information is 
depicted in Figure 1. First, with the retrieval of design 
information, remanufacturability of core components is 
evaluated from the technological perspective using four 
numerical metrics, namely, disassembly complexity, fastener 
accessibility, disassemblability, and recoverability. Second, 
with the selection of a core component to be remanufactured, 
an optimal disassembly route of this component can be 
determined by exploring the exploded view function and the 
associated mating information within the assembly model. 
Thirdly, with the identification of the common failure modes 
of the disassembled core component, the remanufacturing 
process plan to recover the failures can be determined based 
on the capability that a remanufacturing facility can provide. 
The outcome of the remanufacturing assessment and planning 
can in turn provide feedback to the design team for possible 
design modification, forming a close-loop for product design 
to be more favorable for remanufacturing.    
 
Fig. 1. Framework for product remanufacturing assessment and planning. 
4. Methodology 
4.1. Remanufacturability assessment metrics based on 
product CAD information 
In the proposed framework, a hierarchical tree structure is 
adopted to maintain the design information extracted from a 
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product CAD model, in which the components and the design 
attributes are defined as nodes. For geometrical features, only 
the contacting surfaces are extracted and stored in the data 
structure. Such information can be extracted from mating 
features used for defining spatial relationships between two 
connecting components. Table 1 shows a simple classification 
of mating features as defined in SolidWorks and Autodesk, 
which are the two commonly used CAD software.  
 
Table 1: Common mate types in commercial CAD packages.  
Generalized 
mating types 
Mate types in 
SolidWorks 
Mate types in 
Autodesk 
Motion DOF 
permitted  
Against  Coincident, 
distance, 
angle, tangent, 
parallel 
Mate, angle, 
tangent, offset 
2 translational DOF; 
1 rotational DOF 
Fit Concentric Insert  1 translational DOF; 
1 rotational DOF 
Screw-fit Screw  -- 1 translational DOF 
  
 
Not all the components of a product are remanufacturable. 
Therefore, prior to remanufacturability assessment, the 
components have to be classified into different functional 
groups, namely, fasteners, moving components, fixed 
components, sacrificial parts, and each is associated with the 
ideal (designed) EoL strategies, as described in Figure 2. 
 
Fig. 2. Components classification and the ideal EoL strategies.  
For each core component, the remanufacturability of the 
design is assessed using four correlated numerical metrics, 
i.e., disassembly complexity (MCOM), fastener accessibility 
(MACC), disassemblability (MDIS), and recoverability (MREP). 
The details of the metrics derivation were described in [18-
19]. The input design information needed for deriving the 
metrics can be summarized as (1) part material, 
volume/weight, (2) the number of fastener types, (3) the 
number of fasteners for each fastener type, (4) the number of 
contact surfaces for each fastener type, (5) unfastening access 
direction and relative unfastening difficulty for each fastener  
[20], (6) degree-of-freedom (DOF) permitted for separation 
(DFS) of each fastener [20], (7) relative unfastening failure 
rate with respect to different part material and fastening 
methods [15], and (8) relative recovery cost with respect to 
different dimensional tolerance grades [21]. In particular, 
items (5) and (6) can be obtained from the mating features 
defined on the associated component in the assembly model.      
In addition to assessing the remanufacturability of core 
components, it is necessary to identify the sacrificial 
components from the core components, e.g., pistons in an 
automotive engine as they need to be replaced by the spare 
parts once reaching the EoL stage. Figure 3 outlines a 
procedure for identifying a potential sacrificial part within a 
pair of components having relative motion, considering the 
material property, physical property, disassemblability and 
recoverability of the components. A component could be 
sacrificial if there is relative motion with its surrounding 
components. The relative motion between two adjacent 
components can be determined by the mating conditions 
applied to join the two components together [20]. As 
summarized in Table 1, an against mating condition restricts a 
component moving in three DOFs, one rational DOF taking 
the mating surface normal as the rotation axis, two 
translational DOFs along the mating surface. A fit mating 
condition permits a component moving in two DOFs, one 
rotational DOF with respect to the fit axis, and one 
translational DOF along the same axis. A screw-fit only 
allows for one rotational DOF with respect to the fit axis. 
 
Fig. 3. Identification of possible sacrificial part. 
4.2. Optimal disassembly route generation  
The assessment results based on Section 4.1 can help 
determine a set of core components of a product that are 
suitable and feasible for remanufacturing. From a perspective 
of disassembly for remanufacturing, the disassembly of such 
remanufacturable components could have more than one 
disassembly route since non-remanufacturable parts can be 
dismantled subject to some form of destructive disassembly. 
The disassembly effort required by each disassembly route 
can be obtained based on the assessment of each disassembly 
step, as described in [19]. The disassembly route that yields 
the least disassembly effort will be the optimal route. 
Figure 4 outlines a procedure for generating a feasible 
disassembly route. Disassembly will begin with a separable 
fastener, e.g., a bolt or screw. Interference check will be 
conducted to determine if the fastener will interfere with other 
parts during removal. If a fastener can be removed without 
interference, the connected parts will be checked for a gain in 
DOF. If a part can gain DOF due to the removal of a fastener, 
similar interference check will be needed to determine if 
CAD assembly 
Fixed 
components 
Moving 
components 
Direct reuse 
Remanufacturing 
Sacrificial 
parts 
Fasteners and 
connectors Replace with 
spare part 
 Classifying core 
components 
 
Identifying 
components 
Start 
Two parts with relative motion 
Potential sacrificial part 
Design info extraction and 
assessing metrics evaluation  
Material property 
Part with less 
hardness and 
durability  
Physical property 
Part has smaller 
volume/less 
weight  
Disassemblability 
Part has less 
connected parts 
and needs higher 
disassembly effort 
Recoverability  
Part requires 
higher recovery 
cost and less 
manufacturing cost 
265 H.C. Fang et al. /  Procedia CIRP  40 ( 2016 )  262 – 267 
removing the part/sub-assembly is possible. In particular, a 
part joined to the other with an interference fit will be 
considered to have a degree of freedom if it can be removed 
in its longitudinal direction without any obstruction by use of 
force, i.e., a hammering tool. The process is repeated until all 
feasible routes for the core have been determined. 
 
Fig. 4. Procedure for determining feasible disassembly sequence.  
The numerical metrics developed for assessing complexity 
and accessibility of each disassembly step can be found in 
earlier research work [19]. The U-effort model [22] was 
adapted for deriving the disassembly complexity metric. The 
input design information include the size, thickness, 
volume/weight of the part, and the special unfastening tools 
required possible. Part accessibility metric adopted the 
information entropy theory in the evaluation of the possible 
accessible range of a part along three axes. In particular, the 
two metrics can be combined and integrated into an overall 
index using F-measure [23] or Z-score [24], by which the 
smallest index defines the optimal disassembly route. 
4.3. Process planning for remanufacturing  
Remanufacturing process planning refers to the 
determination of a sequence of refurbishing operations, 
subject to the capability that a remanufacturing facility can 
provide, to restore the target component back to its original 
specifications. For a component to be remanufactured, the 
failure modes and regions can be predicted either from 
historical statistic data or based on design information, such 
as disassembly failure, or a failure due to relative motion with 
respect to its counterpart. Tsang et al. [25] proposed a 
conceptual framework for guided remanufacturing process 
planning based on the conditions of the core components, as 
illustrated in Figure 5. The procedure can be summarized as 
follows: (1) identifying the defects and their types in each 
engineering surface, e.g., a crack and its location, (2) 
assessing the severity of the defect, e.g., the depth of the 
crack, (3) identifying the restoration operations and 
establishing the precedence relationships according to the 
remanufacturing facility capability and the remanufacturing 
knowledge base, and (4) sequencing the operations for a 
suitable process plan.    
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Guided remanufacturing process planning. 
 
5. Case study and discussions 
5.1. Case study – electric motor reducer  
This section presents a case study using an automotive 
electric motor with an integrated reducer unit [26], to 
demonstrate the methodologies presented in this research. 
Rewinding of rotor and stator of motors is prevailing in the 
remanufacturing industry. However, only major mechanical 
components and features are evaluated in this case study. 
Figure 6(a) is an exploded view of this model, and Figure 6(b) 
is a graph with the connections between the core components.  
 
Fig. 6. An electric motor model: (a) exploded view; (b) graph representation.  
Table 2 lists the design information extracted from the 
CAD model. All the components are disassembled with the Z-
axis (defined as Figure 6(a)) of the CAD model facing up. All 
the information types can be retrieved as per definition given 
in Ref. [18]. The EoL option of each component is given in 
Table 3, with the assessment results with respect to 
disassemblability and recoverability, and the determination 
that it is a sacrificial part or not.  
It can be seen from Table 3 that the EoL strategy that the 
fan cover and electrical box need to be replaced as both are 
made of plastic and connected to the adjacent parts using 
screws. Disk and cam are sacrificial parts, compared to the 
reducer shaft which is more remanufacturable in terms of high 
Start  
Defects identification 
- Type & location 
- Criticality ranking 
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Reman 
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- Matl removal; 
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- Surface finish 
- … 
- Crack removal; 
- Surface rebuild; 
- Tolerance chain 
- … 
A: Fan cover; B: Fan;  
C: Front endshield;  
D: Rotor shaft; E: Rotor;  
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intrinsic value, high disassemblability and recoverability. The 
motor shaft is the most difficult to disassemble due to the 
joining types used for connecting with other parts, i.e., 
interference fit, bearing, key and screw. It also has the most 
number of contact surfaces with the finest tolerance which 
requires the most effort to restore to its original condition. 
Hence, part replacement for the motor shaft could be a more 
favorable option despite of its technical feasibility for 
remanufacturing it. 
Table 2: Definition of edges in the graph. 
Edge Joining  types Access 
direction 
Unfast 
rating  
DFS Tolerance 
(mm) 
Recovery 
cost factor 
A-C Screw 0° 0.5  2 H8 (0.022) 0.6 
B-D Screw   0° 0.5  2 H8 (0.018) 0.6 
 Insert  90° 0.3 1 IT7 (0.018) 0.6 
C-D Bearing 90° 0.8  2 IT6 (0.013)  0.7 
C-G Bolt & nut 90° 0.5  2 H8 (0.022) 0.6 
D-E Interference fit 90° 0.8  2 IT6 (0.013) 0.7 
D-I Bearing  - 90° 0.8  2 IT6 (0.013) 0.7 
D-K Key   - 90° 0.7  1 IT7 (0.013) 0.7 
 Insert  - 90° 0.3 1 IT7 (0.018) 0.6 
D-L Bearing  - 90° 0.8 2 IT6 (0.013) 0.7 
F-G Insert  90° 0.3  1 IT7 (0.035)  0.6 
G-H Bolt & nut 90° 0.5 2 H8 (0.022) 0.6 
G-I Bolt & nut 90° 0.5 2 H8 (0.022) 0.6 
I-M Bolt & nut 90° 0.5 2 H8 (0.022) 0.6 
J-L Insert  90° 0.3 1 IT7 (0.035)  0.6 
L-M Bearing  90° 0.8 2 IT6 (0.016)  0.7 
 
Table 3: EoL evaluation for components in motor electric reducer. 
Component 
name 
Material 
Part 
type 
Vol (m3) 
Size 
(mm) 
Thickness 
(mm) 
MDIS MREP Sacrifi-cial? 
EoL 
option 
Fan cover Plastic  Fixed 0.52e-4 150 58 0.457 - - Replace 
Fan Steel  Rot    0.53e-4 119 38 0.485 0.532 -  Reuse 
Front 
endshield 
Cast 
iron 
Fixed 1.03e-4 144 18 0.409 0.110 No  Reman 
Rotor shaft Cast 
iron  
Rot  0.81e-4 260 12.5 0.387 0.028 No  Reman/ 
Replace 
Rotor  Copper   Rot  2.81e-4 115 76 0.462 0.479 No  Reuse  
Motor 
housing 
Alumi-
nium  
Fixed 5.03e-4 151 150 0.464 0.231 No  Reuse 
Stator Copper   Fixed 3.75e-4 115 76 0.666 0.479 No Reuse 
Electric box Plastic  Fixed   0.27e-4 60 40 0.457 - - Replace 
Rear 
endshield 
Cast 
iron 
Fixed 2.82e-4 150 45 0.409 0.110 No  Reman  
Disk  Cast 
iron 
Rot  0.41e-4 104 8 0.666 0.043 Yes  Replace 
Cam  Cast 
iron 
Rot  0.09e-4 51.2 8 0.485 0.284 Yes Replace 
Reducer 
shaft 
Cast 
iron  
Rot  1.89e-4 125 44 0.404 0.311 No  Reman 
Reducer 
housing 
Cast 
iron 
Fixed 8.25e-4 180 140 0.410 0.110 No  Reman 
 
Figure 7 depicts the two disassembly routes for retrieving 
rotor shaft from the electric motor assembly. The exploded 
view function assists the designers to visualize and understand 
the disassembly procedures. The evaluation of disassembly 
complexity and part accessibility of each disassembly route is 
shown in Table 4. At each disassembly step, the smaller part is 
removed from the relatively larger part or sub-assembly, and 
the assessment is carried out on the smaller part or sub-
assembly. From the two metrics describing disassembly 
complexity and accessibility, it is not obvious on which route 
has the least resistance path to retrieve the rotor shaft 
practically. The F-measure is calculated as an integration of 
the two metrics into one single index. As given in the last row 
of Table 4, route A is selected as the optimal route for design 
for disassembly. 
To recover the rotor shaft to its original condition, a guided 
remanufacturing process plan can be generated provided that 
the return condition of the rotor shaft is still acceptable. Since 
the shaft requires interference fit to connect with three 
bearings and the rotor assembly, the contact surfaces need to 
be ground to reach fine tolerance after disassembly. It is 
possible to choose new bearings with slightly smaller inner 
diameters such that no material addition operations on the 
shaft is needed, thus no coarse material removal operations, 
e.g., turning, is required. As a result, the process candidates 
for recovering the contact surfaces on the shaft will be milling, 
or fine grinding. 
 
 
Fig. 7. Two disassembly routes to retrieve the rotor shaft (Part D) 
Table 4: Evaluation of the two disassembly routes  
Route A 
Complexi
ty Index 
Accessibili
ty Index 
Route B 
Complexi
ty Index 
Accessibili
ty Index 
BCDEFGHIJKLM:A 0.89 0.00 BCDEFGHIJKLM:A 0.89 0.00 
CDEFGHIJKLM: B 0.54 1.44 CDEFGHIJKLM: B 0.80 1.44 
DEFGHIJKLM: C 1.27 1.20 CDEFGHIJK: LM 1.27 0.00 
DEFGHIJK: LM 0.73 0.00 CDEFGHIJ: K 0.67 0.00 
DEFGHIJ: K 0.67 0.00 CDEFGHI: J 0.67 0.00 
DEFGHI: J 0.67 0.00 CDEFGH: I 0.81 1.85 
FGHI: ED 0.85 2.70 CFGH: ED 0.67 1.69 
E: D 0.67 1.83 E: D 0.67 1.83 
Total 6.27 7.18  6.44 6.81 
F-value  3.347  3.310 
 
5.2. Computer-aided system 
A software tool that integrates the three modules, i.e., 
remanufacturing assessment, disassembly route generation and 
remanufacturing process sequence generation, has been 
developed to facilitate the evaluation of a product design. A 
graphical user interface is implemented to assist the designer 
or decision-maker in extracting the necessary design 
information from the product CAD model, and performing the 
relevant evaluation and planning tasks. In addition to 
displaying the necessary inputs retrieved from the CAD 
model, the software enables all the input entries to be keyed in 
manually in case that the CAD model lacks certain design 
information, e.g., the specification of a contact surface.     
A B 
C 
E 
FGHI 
D 
Route A 
K  
J 
LM 
Route B 
A B 
CFGH E 
I 
D 
K  J 
LM 
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In the remanufacturability assessment module, for each 
component, the part information, i.e., material, volume, part 
type (moving or fixed), and the connection information, i.e., 
the fastener type, unfastening approach direction, unfastening 
rating, as well as the associated dimension and tolerance, are 
displayed. The outputs are the evaluation of the four metrics 
as well as the preferred EoL strategy for the corresponding 
component. In the DFD module, the exploded view of the 
model is used to assist the users visualize each disassembly 
route, and evaluate all the routes to determine the optimal one. 
In the remanufacturing process planning module, the users can 
be guided to generate a feasible reconditioning process for 
recovering a selected feature, given the defect characteristics 
and the available reconditioning facilities.    
6. Conclusion and future works 
In order to design a product well suited for 
remanufacturing, various but sometimes conflicting design-
for-X guidelines need to be considered at the product design 
stage. This paper presents an integrated approach to address 
the three major issues in design for remanufacturing using 
product design information, i.e., assessing the 
remanufacturability of core components in the product, DFD 
evaluation and disassembly route generation, and 
remanufacturing process planning. A software tool has been 
developed for the implementation of the proposed system.  
Improvement can be made to further develop the proposed 
approach for product remanufacturing assessment and 
planning. A remanufacturing knowledge base can be 
developed to contain typical/critical features from CAD 
models that have impact on decision-making in 
remanufacturing, such as core component disassembly and 
recovery, and thus can be used to facilitate possible design 
feedback and modification to the newly designed product or 
component. There is also a need to incorporate and analyze 
product usage data and frequent failure information so as to 
identify the potential sacrificial parts and determine the 
recoverability of the core components, which in turn can 
improve remanufacturing process planning. The software tool 
can be further developed into a plug-in to those commercially 
available CAD software packages, which requires a generic 
data structure for design information compatible to the 
commercial software APIs. 
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